A shallow M6.4 inland earthquake occurred on July 26, 2003 in the northern part of Miyagi Prefecture, northeastern Japan. We precisely located hypocenters of this event, its foreshocks and aftershocks by applying the double-difference method to data from temporal seismic stations and the seismic stations of Tohoku Univ., JMA and Hi-net. Aftershocks thus located are distributed in an area with about 15 km × 15 km and their depths range from 2 to 13 km. They are distributed along a curved plane dipping westward to north-westward with a dip of about 50 degrees. Its strike is about N-S in the northern part and about NNE-SSW in the southern part. The M5.6 foreshock, which occurred 7 hours before the main shock, is located near the center of the whole aftershock area at which the strike of the aftershock alignment changes abruptly. Aftershocks for the M5.6 foreshock are distributed in the southern part of the whole aftershock area. The main shock is located in the southern part of the aftershock area. It occurred near the edge of the area of aftershocks for the M5.6 foreshock. Aftershocks following the main shock are mainly distributed in the northern part of the aftershock area. The largest aftershock (M5.5) is located at the northern end of the whole aftershock area. After the occurrence of the main shock, few aftershocks occurred in the area of aftershocks for the M5.6 foreshock. We also determined fault plane solutions for the events that occurred during the sequence from the M5.6 foreshock to the largest (M5.5) aftershock. The spatial variation of focal mechanism is consistent with the curved geometry of the fault plane estimated from the aftershock distribution.
Introduction
A shallow M6.4 earthquake (hereafter we call it the 2003 northern Miyagi earthquake) of July 26, 2003 and its foreshocks and aftershocks occurred near the border between Yamoto and Naruse towns in Miyagi Prefecture, northeastern Japan. This earthquake was located in the upper crust and one of the typical inland earthquakes that have frequently occurred in northeastern Japan (Hasegawa et al., 2000) . In this earthquake sequence, a large foreshock with M5.6 occurred 7 hours before the occurrence of the main shock and the largest aftershock with M5.5 occurred 10 hours after the occurrence of the main shock. These three events registered the maximum intensities of 6 in the JMA (Japan Meteorological Agency) scale and damaged over 1000 buildings situated above their focal area.
We need precise hypocenter locations to understand the rupture process of this earthquake sequence in detail. Hypocenter distribution obtained by the seismic networks that were routinely operated shows that most of the events are located at about 12 km depth. This distribution is probably different from the true distribution, because there are no seismic stations above the focal area. In fact, the station closest to the focal area is about 15 km far from the focal area.
To improve the accuracy of hypocenter determination and
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obtain more detailed information about the 2003 northern Miyagi earthquake sequence, 13 seismic stations with data loggers and a seismic station with a satellite telemetry system were deployed after the main shock occurrence right above the focal area (Umino et al., 2003) . In the present paper, we investigate detailed distribution of hypocenters of the 2003 northern Miyagi earthquake sequence using data from these temporary seismic stations and discuss the rupture process of the sequence.
Hypocenter Relocations Using Temporary Observation Data
First, we precisely relocated hypocenters of aftershocks which occurred after the temporary seismic stations were deployed. We used arrival time data picked manually from the digital waveforms recorded at the temporary seismic stations and those for the stations of Tohoku University, JMA and Hi-net (High Sensitivity Seismograph network in Japan) whose epicentral distances were less than 20 km (Fig. 1) . We adopted the double-difference method (Waldhauser and Ellsworth, 2000 ; hereafter we call it the DD method) for the hypocenter determinations. The "double-difference" means the difference for a station between the observed and calculated travel time difference between a pair of events. The DD method cancels the common mode errors in calculating travel times using 1D velocity model and avoids the need of introduction of station corrections. The seismic velocity model routinely used in the Tohoku University seismic net- work (Hasegawa et al., 1978) was adopted for the calculation of travel times. Events that occurred during the period from 17:00, July 26 to 8:00, August 18 were relocated. The number of events located is 853. The number of pairs of Pwave arrival times is 88627 and that of S-wave arrival times is 67596. Figure 2 shows the distribution of relocated hypocenters for aftershocks of the 2003 northern Miyagi earthquake. Relocated aftershocks are distributed in an area of about 15 km × 15 km and their focal depths range from 2 to 13 km. The strike of the aftershock distribution of the present earthquake sequence varies spatially as shown by isobath contour lines in Fig. 2 . Aftershocks in the northern part are distributed along a westward dipping plane with a dip of about 50 degrees. On the contrary, those in the southern part are along a plane dipping to the northwest with a dip of about 50 degrees. Aftershock alignment seems to incline more gradually near the lower boundary of the aftershock area like listric fault (e.g. Sato et al., 2002) . The lower boundary of the aftershock area nearly corresponds to the bottom of the seismogenic zone in the upper crust surrounding the focal area, indicating that it corresponds to the brittle-ductile transition (Hasegawa et al., 2000) . Aftershocks are not distributed homogeneously along the fault plane. In particular, the aftershock distribution is complex in depth range between 5 and 10 km. Some of these events form off-plane seismicity along planes like conjugate faults. 
Hypocenter Relocations for Events before the Temporary Observations
We started to deploy the temporary stations at about 17:00 (JST), July 26, 2003. It is difficult to precisely determine hypocenter locations without nearby, dense seismic stations by conventional location methods. We tried to determine hypocenters of events that occurred before the deployment of the temporary stations (hereafter we call them the prelogger events) by devising the location method. We adopted the DD method to relocate the pre-logger events also. In this relocation procedure, we also included events that occurred while the temporary seismic stations were operated (hereafter we call them the co-logger events), and pre-and co-logger events were located simultaneously by applying the DD method. Plausible initial hypocenter locations are needed to obtain reliable results from the DD method. Epicenters can be accurately determined to some extent even without the nearby temporary seismic stations. Therefore, we adopted these epicenters as the initial values. Initial depth of a pre-logger event was assumed to be the same as that of a co-logger event whose epicenter is closest to the pre-logger event. All the events with magnitudes larger than or equal to 2.5 during the period from the occurrence time of M5.6 foreshock (0:13, July 26) to 8:00, August 18 were relocated. The number of events thus relocated is 879, including the co-logger events. We used P-wave arrival time data picked manually for the stations with epicentral distances less than 150 km. In this case we did not use the S-wave arrival time data because the accuracy of picking of S-wave onset was worse, particularly for larger events, due to their long and complex source durations. The number of pairs of P-wave arrival times thus used is 370,431. Figure 3 shows hypocenters of events that occurred for the period from the M5.6 foreshock (0:13, July 26) to just before the mainshock (7:12, July 26). The M5.6 foreshock is located near the center of the whole aftershock area, at which the strike of the aftershock alignment changes. Figure  3 shows that aftershocks following the M5.6 foreshock are distributed in the southern part of the whole aftershock area. Figure 4 shows hypocenters of the entire events that occurred during the sequence from the M5.6 foreshock to aftershocks on August 18 and Figure 5 shows depth-time and NS (latitude)-time plots for these events. We can see the following characteristics.
(1) The main shock is located in the southern part of the aftershock area and near the edge of the area where aftershocks following the M5.6 foreshock occurred. (2) Aftershocks following the main shock are distributed mainly in the northern part of the aftershock area. (3) The largest aftershock (M5.5) is located at the northern end of the aftershock area. (4) Few aftershocks following the main shock are located in the area of aftershocks for the M5.6 foreshock. These all suggest that the rupture of the main shock was initiated at the edge of the foreshock rupture area and that the rupture area of the mainshock was bounded by the foreshock rupture area or was not overlapped with the foreshock rupture area. A similar result was obtained for a nearby earthquake sequence in 1998 (Okada et al., 2001a) . The spatial extent of the aftershock area covered by aftershocks within about 3 weeks (white symbols) after the main shock occurrence seems to be larger than that within 1 day (colored symbols), particularly in the deeper portion (Fig. 4 and Fig. 5(a) ). This shows that the expansion of the aftershock area (e.g. Tajima and Kanamori, 1985) was also the case for the 2003 northern Miyagi earthquake. 
Discussion
We determined moment tensors for the three events (the main shock, the foreshock and the largest aftershock) using regional broad-band seismograms. The method is based on Dreger and Helmberger (1993) and we used the program TDMT-INVC developed by Dreger in our inversion (see also Okada et al., 2001b Okada et al., , 2003 . Green's functions are calculated by using the program FKRPROG developed by Saikia (1994) . The seismic velocity structure used in the calculation of Green's function is the same as that used in Fukuyama et al. (1998) . The waveform data were provided from the Tohoku University's broad-band seismic network. The STS-1 or STS-2 type seismograph is deployed at each station. In the present analysis, waveform data were low-pass filtered with a pass-band between 0.02 and 0.05 Hz and resampled at a sampling rate of 1 Hz.
The obtained moment tensor solutions are shown in Fig. 6 . The three events have reverse-fault type solutions, which are typical for shallow crustal events in northeastern Japan.
However, the orientations of P-axis are different from each other. The P-axis is oriented in N-E for the main shock, NW-SE for the M5.6 foreshock and NE-SW for the largest aftershock, respectively. The geometry of a westward dipping nodal plane of the main shock corresponds to the aftershock alignment in the northern part. Also the nodal plane dipping to NW of the M5.6 foreshock corresponds to the aftershock alignment in the southern part. This feature probably shows that the centroid of the main shock is located in the northern part and the centroid of the foreshock is located in the southern part. There are some areas with few aftershocks, which probably correspond to the areas where large slip occurred in the rupture process of the main shock (e.g. Mendoza and Hartzell, 1988) . Some off-plane aftershocks located near these areas would be caused by stress concentrations around the largely slipped areas. We determined the fault plane solutions of these three events from the polarity data for the first P-wave arrival and their relocated hypocenters. They are also shown in Fig. 6 . Hereafter, we will call the solutions estimated from initial motions 'fault plane solutions'. The fault plane solutions are nearly the same as the moment tensor solutions in the cases of the M5.6 foreshock and the largest aftershock, but they are clearly different in the case of the main shock. Here we should remember that the hypocenter of the main shock is located in the southern part of the aftershock area. This discrepancy between the moment tensor and fault plane solutions for the main shock can be explained as follows. The initial rupture of the main shock started in the southern part of the focal area where the fault plane strikes in NE-SW and dips to NW. Then the rupture extended to the northern part, forming the main rupture portion, where the fault plane strikes northward and dips westward. This interpretation is consistent with the results of source process inversions (e.g. Yagi et al., 2003) . The complex geometry of the pre-existing fault might be the cause of the complicated sequence for the 2003 northern Miyagi earthquake.
We also determined fault plane solutions of other events that occurred before we installed the temporary seismic stations (Fig. 7) . All of them have reverse-fault type solutions but their P-axis orientations are not the same. The events in the northern part of the aftershock area have P-axes oriented in E-W or NE-SW, while the events in the southern part have P-axes oriented in NW-SE. This tendency of spatial variation of focal mechanism is as also seen in the case of aftershocks that occurred after the temporal seismic stations were installed (Umino et al., 2003) . The variation of focal mechanism is consistent with the curved geometry of the fault plane of the present sequence estimated from the aftershock distribution.
In and around the focal area of the 2003 northern Miyagi earthquake, there exist some geological structures related to active faults (e.g. Geological Survey of Japan, 1990 Japan, , 1992 . These faults were activated as normal faults in early Miocene under an extensional stress regime. Some of them have been reactivated as reverse faults since the Pliocene due to shortening deformation under a compressional stress regime (e.g. Sato et al., 2002) . Surface traces of these faults are shown in Fig. 2 . One is the Asahiyama Flexure, which is located just above the focal area, and the other is the Ishinomakiwan Fault, which is located about 5 km east of the focal area. Figures 2(c) and (d) show that shallower extension of the aftershock zone seems to meet the surface trace of the Ishinomaki-wan Fault rather than that of the Asahiyama Flexure. This suggests that the present earthquake sequence is generated as the faulting of the Ishinomaki-wan Fault.
Conclusions
We precisely relocated hypocenters of the 2003 M6.4 northern Miyagi earthquake as well as its foreshocks and aftershocks by applying the double-difference method to the data from the temporary seismic stations deployed right above its focal area. We obtained westward dipping distribution of events with a dip of about 50 degrees, which coincides with one nodal plane of the 2003 northern Miyagi earthquake. The strike of the aftershock alignment changes with location; it is oriented in N-S in the northern part of the aftershock area and in NNE-SSW in the southern part. The hypocenter of the M5.6 foreshock, which occurred 7 hours before the main shock, is located in the center of the aftershock area, at which the strike of the aftershock alignment changes from N-S to NNE-SSW. Aftershocks following the M5.6 foreshock occurred in the southern part of the aftershock area. The main shock is located at the edge of the area of aftershocks for the M5.6 foreshock in the southern part. Aftershocks following the main shock occurred mainly in the northern part. The largest aftershock is located at the northern end of the entire aftershock area. One of the possible causes of the complicated sequence for the 2003 northern Miyagi earthquake is some complex geometry of the preexisting faults in this area.
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